Introduction
As in many other turtles, sexual differentiation of sea turtles is determined by the incubation temperature (Janzen and Paukstis 1991) . This phenomenon is commonly referred to as temperature-dependent sex determination (TSD) (Spotila et al. 1994) . Recent reviews on TSD of non-marine and sea turtles can be found in Ewert et al. (1994) and Mrosovsky (1994) . The adaptive significance of TSD is controversial and has been recently reviewed by Shine (1999) .
Other environmental factors (e.g. osmotic stress, oxygen and carbon dioxide levels) also may affect sex determination (Standora and Spotila 1985) . The hydric environment influences sex determination of the freshwater turtle Chrysemys picta, with dry conditions having been reported to result in both feminising (Gutzke and Paukstis 1983) and masculinising (Paukstis et al. 1984) influences relative to the pattern of sexual differentiation expected on the basis of temperature alone. However, subsequent attempts to confirm the influence of the hydric environment on the sexual differentiation of this species have been unsuccessful (Packard et al. 1989 (Packard et al. , 1991 and hence these findings are subject to controversy. The possible influence of the hydric environment during incubation on sexual differentiation of sea turtles, including Natator depressus, has not previously been investigated.
Natator depressus eggs incubated at a constant temperature of 32°C produced all female hatchlings, whereas those incubated at constant temperatures of 26°C and 29°C produced all male hatchlings, irrespective of the hydric environment of the eggs (Hewavisenthi 1999) . At these temperatures, it is likely that the influence of the thermal environment on sex determination is greater than that of the hydric environment. According to Standora and Spotila (1985) , environmental factors other than temperature could affect sex determination, especially within the transitional temperature range where both males and females are produced. Various hydric conditions could cause differences in evaporative cooling (Mrosovsky 1988) , possibly resulting in subtle differences in the temperature of eggs incubating at the same ambient temperature (Paukstis et al. 1984) . If these effects occurred during the thermosensitive period, a change of 1-2°C could make a considerable difference to the sex ratio of hatchlings (Mrosovsky and Yntema 1980) . Therefore, the hydric environment could play a significant role in sex determination in the transitional temperature range. Limpus et al. (1993) reported 29.5°C to be the pivotal temperature (that producing 50% of each sex: Mrosovsky and Pieau 1991) for N. depressus from the southern Great Barrier Reef, but gave no experimental details. The hydric environment at the constant temperature of 29°C influenced nutrient mobilisation of embryos and size and energy reserves of hatchlings of this species (Hewavisenthi 1999) . Hence the influence of the hydric environment on sex determination of N. depressus at (or close to) its pivotal temperature cannot be ruled out.
This study investigated the influence of the hydric environment on the sex determination of N. depressus at its pivotal temperature. The effects of the hydric environment on hatching success and incubation duration were also examined.
Materials and Methods

Preliminary studies on identification of sex
In total, 51 random samples (using random numbers) of N. depressus hatchlings representative of different constant incubating temperatures and substrate moisture levels were collected from laboratory experiments (1995/96 and 1996/97 Australian summers) and euthanised using 0.3 mL Nembutal (pentobarbitone sodium 60 mg mL -1 ) ip injection. They were fixed in 10% buffered formalin and re-coded to prevent obvious association with their incubation environment. Subsequently, the hatchlings were dissected and their reproductive systems examined under an Olympus dissecting microscope using diffuse sunlight. A convoluted internal pattern was evident in some gonads even at the lowest magnification (´16). Assuming that this pattern was due to the presence of immature seminiferous tubules, these gonads were provisionally classified as testes. Gonads lacking this pattern were classified as ovaries. Oviducts were present in all hatchlings.
Histological examination was performed on all the gonads in order to verify the reliability of this visual sexing technique. The right gonad with its oviduct and attached kidney was dissected, cut in half transversely and the anterior half embedded in paraffin. The cut end was sectioned (8 m) and stained with Harris hematoxylin and eosin following the staining schedule of Spotila et al. (1983) except that X3B (Shell Industrial Chemicals) was used for clearing. Gonads were identified using the criteria of Spotila et al. (1983) . Testes had a thin smooth oval-shaped outer margin of squamous epithelium and a tubular arrangement (of immature seminiferous tubules) in the medulla. Ovaries had a thick convoluted cortex of cuboidal cells and lacked a tubular formation in the medulla.
Incubation of eggs
Random samples of 18 eggs from each of three clutches were collected immediately after oviposition from Peak Island (east coastal Queensland, 23°20.5¢S, 150°56¢E), on 31 October 1997 and transported to the laboratory. Each egg was cleaned, weighed (±0.01 g) and labeled. Eighteen plastic boxes were assigned to three moisture treatments: wet, intermediate and dry. Each box contained 50 g of autoclaved Sungrow Grade 1 horticultural vermiculite and either 100 g, 15 g or 7.5 g of Reverse Osmosis (R.O.) water corresponding to water potentials of approximately -180 kPa (wet), -1200 kPa (intermediate) and -2000 kPa (dry) respectively. These water potential values were selected considering those of sand at 50 cm depth (rangẽ -150 to -3000 kPa: Hewavisenthi 1999) at Peak Island. They were determined from a previously constructed calibration curve relating the gravimetric water content to water potential for the vermiculite using a Vescor HR 33T dew point microvoltmeter and Wescor C52 sample chambers.
Six boxes were established for each incubation moisture treatment, with one egg from each clutch randomly allocated to each box. Variation inherent to each female (maternal and/or genetic) was assumed to be equal among the treatments by distributing eggs in this manner. Eggs were partially buried in vermiculite to prevent rolling and the initial weight of each box at the onset of the experiment was recorded. Boxes were covered with aluminum foil to reduce evaporative loss and to promote elevated relative humidity around the incubating eggs, and then placed in an incubator (Clayson IM 550) set at a constant 29.5°C (range 29.3-29.7°C). This incubator was calibrated against a standardised mercury thermometer (National Association of Testing Agencies) and was held in a laboratory at 20°C ambient to increase temperature stability. After three days of incubation all eggs developed white patches, indicating viability (Ewert 1979) .
At weekly intervals boxes were weighed and R.O. water added as required to re-establish the initial weights and thus attempt to maintain the water potential. Hewavisenthi (1999) demonstrated (by separately monitoring egg and substrate weights) that this method only stabilises total experimental weights (e.g. when evaporative loss occurs). It does not account for water movement between the egg and substrate (egg to substrate movement is particularly prevalent after the 60 th percentile of incubation). Evaluation of the actual substrate water potentials throughout the incubation process was not performed in this study because of the possibility of physical disturbance to the eggs. Further, accurate values for substrates wetter than -200 kPa were difficult to obtain due to limited sensitivity of the equipment available. Therefore, the values reported in this study are approximate water potentials at the onset of the experiment.
At pipping, hatchlings were kept in the same incubator but transferred to individually labeled plastic containers. Incubation duration for each egg was recorded as days to pipping. After hatching and total internalisation of the yolk, each hatchling was cleaned and weighed (±0.01 g). They were then euthanised, fixed and their sex determined by both visual examination (of the whole gonad under dissecting microscope) and histological techniques.
Statistical analyses
Data on sex ratio and hatching success were analysed using chi-squared contingency tables. An ANOVA split-plot design was used to examine data on initial masses of all incubated eggs, masses of eggs that survived up to hatching, and incubation duration. Because some cells contained a single datum only, the two interaction terms (moisture ´clutch) and (moisture ´clutch ´replicate) were not used in the model. The error 1 mean square was the (moisture ´replicate) interaction while the error 2 mean square was the model mean square.
The significance level was taken as P < 0.05. Mean values are presented ± their standard error.
Results
The mean initial mass of 54 eggs used for the experiment was 78.92 ± 0.39 g. Egg masses at the beginning of the experiment varied significantly between the three clutches but not between the moisture treatments or replicates (Table 1) . Similarly, the mean initial mass of eggs that produced hatchlings also varied significantly between the three clutches but not between the moisture treatments or replicates (Table 1) . Therefore, the mass of eggs was unlikely to have a significant effect on the data obtained in this study.
Sex ratio
Of the 38 individuals that hatched, 18 (47.4%) were males and 20 (52.6%) were females (Table 2) . Even though in wet and intermediate substrates the male : female ratio was approximately 1 : 1 and in dry substrates it was almost 1 : 2, this difference was not significant (c 2 = 0.66, d.f. = 2, n = 38, P > 0.05). In contrast, the clutch showed a significant influence on the sex ratio of hatchlings (c 2 = 7.24, d.f. = 2, n = 38, P < 0.05). Clutch C, which had the lowest mean egg mass (76.33 ± 0.41 g), produced the highest proportion of female hatchlings (71%) whereas clutch B, with the highest mean egg mass (81.19 ± 0.56 g), produced the lowest proportion (12%).
Incubation duration and hatching success
The incubation durations for the eggs on wet, intermediate and dry substrates were 49.9 ± 0.1, 49.5 ± 0.2 and 49.5 ± 0.1 days respectively and was not significantly influenced either by the moisture treatment or the clutch (Table 1) . 655 Sex determination in flatback turtle Table 1 . F values of the ANOVA (split-plot design) on data for initial mass of eggs and incubation duration *, P < 0.05; **, P < 0.01; ***, P < 0.001. Values in parentheses are degrees of freedom Of the 54 eggs used in the experiment, 38 (70.4%) hatched (Table 2) . Hatching success was not significantly affected by the moisture treatment (c 2 = 3.375, d.f. = 2, n = 54, P > 0.05) but was influenced by the clutch (c 2 = 9.237, d.f. = 2, n = 54, P < 0.01). Clutch B, with the highest mean egg mass, had the highest mortality (55.6%), with the majority (75%) being at early developmental stages (<Stage 23 : Miller 1985) and the remainder (25%) at mid-developmental stages (Stages 23-25: Miller 1985) .
Identification of sex
Visual examination under a stereo microscope showed that the testes were generally shorter, wider and more elliptical than ovaries, which were elongated and thinner. Oviducts were observed in both males and females. The convoluted internal pattern in the testes was generally evident irrespective of whether the gonad was dissected or not. However, a better result was obtained when a dissected gonad was placed on a black background and examined under diffuse sunlight. Visual designation of sex was confirmed (100%) by histological examination. No sexually ambiguous individuals (intersex) were observed in this study.
Discussion
Sex ratio
A pro tem evaluation of the imbalance of the hatchling sex ratio required to produce a critical value at the 5% rejection level was performed. Varying only values from the dry incubation substrate, a hatch of 1M : 12F was required (cf. 5M : 8F actual) to demonstrate a significant effect of the hydric environment on sex ratio. Even though the small hatch numbers obtained imposed this restraint on the reliability of the non-significant statistic, there is no evidence from these findings that sex determination of Natator depressus is affected by the hydric environment at its pivotal temperature. This is in contrast to the results reported for Chrysemys picta by Gutzke and Paukstis (1983) and Paukstis et al. (1984) but consistent with those of Packard et al. (1989 Packard et al. ( , 1991 for the same species.
This study demonstrated that the sex determination of N. depressus hatchlings was significantly influenced by clutch at 29.5°C. Bull et al. (1982) also reported that sex determination of Graptemys ouachitensis (the map turtle) was significantly influenced by the clutch at temperatures that produce both sexes. Certain clutches (having small eggs) of Macroclemys temminckii (the alligator snapping turtle) were more likely to produce a high proportion of female hatchlings (Ewert et al. 1994) . In the present study the highest proportion of females was produced by the clutch with the lowest mean egg mass. However, we are unable to conclude that egg size was a 656 S. Hewavisenthi and C. J. Parmenter A Values used in the chi-square analysis of contingency tables for the effect of moisture on sex ratio. B Values used in the chi-square analysis of contingency tables for the effect of clutch on sex ratio.
primary factor in the clutch effect on sex ratio due to the small sample size. Differential mortality during early development (particularly associated with one clutch) could also have been a contributory factor. Since the overall sex ratio of the present study was not significantly female-biased, the pivotal temperature of eastern Australian N. depressus lies at or very close to 29.5°C. Preliminary investigations on sex determination of N. depressus showed that a sample of hatchlings (n = 27) sacrificed from a constant temperature of 29°C were all males (Hewavisenthi 1999) . That is, an increase of 0.5°C from 29°C to 29.5°C resulted in both male and female hatchlings. These results suggest that the transitional temperature range for sexual differentiation of N. depressus could be very narrow, probably around 1°C. Mrosovsky and Pieau (1991) reported that the transitional temperature range of Dermochelys coriacea is about 1°C, which is narrower than that of Caretta caretta. Pivotal temperatures have been shown to vary among populations of the same species from different geographic areas (McCoy et al. 1983; Limpus et al. 1985) . Therefore, the pivotal temperature and the transitional temperature range of N. depressus from different latitudes may be different to those reported here.
Even though Vogt (1994) concluded that incubating eggs at or close to pivotal temperature has a higher probability of producing intersex hatchlings (showing both male and female sexual characters), none were produced in this study. However, Mrosovsky and Godfrey (1995) suggested that when the transitional temperature range is narrow, the chance of producing intersex hatchlings will be slight. Consequently, the absence of intersex hatchlings in this study may also reflect the narrow transitional temperature range of N. depressus.
Incubation duration and hatching success
The incubation duration of N. depressus eggs was independent of the hydric environment in the range -180 to -2000 kPa. In contrast, eggs of Chelonia mydas and C. caretta on wet substrates have a longer incubation duration than those on dry ones (Hendrickson 1958; McGehee 1979 McGehee , 1990 .
In this study, the hatching success of N. depressus eggs incubated at 29.5°C was not influenced by the hydric environment. On the other hand, hatching success of C. caretta (McGehee 1979 (McGehee , 1990 ) and non-marine turtles (Packard et al. 1981 (Packard et al. , 1987 Bobyn and Brooks 1993; Cagle et al. 1993) has been shown to be dependent on the hydric environment. Furthermore, Mortimer (1990) reported that the mortality of C. mydas was highest at beaches with low substrate water potentials. In this context, the results of this study were unexpected. However, N. depressus eggs, being larger than those of other cheloniids, possibly contain more water at oviposition and are thus tolerant to severe moisture stress.
Clutch was a significant source of variation in hatching success. Much of this effect was due to high mortality in clutch B. Since all clutches were handled similarly, this may reflect 'maternal investment' or parental genetic factors affecting hatching success.
Identification of sex
Visual determination of sex by the gross appearance of the gonads has been shown to be unreliable for sea turtle hatchlings (Spotila et al. 1983; Whitmore et al. 1985; Mrosovsky and Benabib 1990) , making histological examination necessary for most species. The technique developed by van der Heiden and Briseño-Dueñas (1985) , in which glycerin is used to render the gonad transparent and make internal structures visible, has been shown to work well to confirm the sex of Lepidochelys olivacea hatchlings (McCoy et al. 1983; van der Heiden and Briseño-Dueñas 1985) . However, this technique does not work for either C. caretta or D. coriacea (Mrosovsky and Benabib 1990) and has been criticised by Mrosovsky and Godfrey (1995) . Even using histological sections, sexing gonads of hatchling D. coriacea is comparatively difficult because they are less differentiated at hatching than the hatchlings of other sea turtle species Rimblot et al. 1985) . However, the gonads of N. depressus are well differentiated at hatching and could be distinguished by inspection under a dissection microscope. The relatively large size of these hatchlings, which results in large gonads compared with those of other cheloniids, may be the crucial factor allowing visual identification of sex without histological processing in this species.
In all instances, the visual sex designation of N. depressus hatchlings that were sacrificed and immediately fixed in formalin (n = 89) was confirmed (100%) by histological examination. However, in a separate experiment, one of two dead embryos examined was misidentified visually as a female, but later found to be a male by histological examination (Hewavisenthi 1999) . Tissue deterioration or a less developed pre-hatched gonad (resulting in a less apparent internal convoluted pattern) was probably the reason for this misidentification. Therefore, as a precaution, we recommend that histological processing be performed for verification, but only on gonads where the convoluted pattern is not clearly visible. In other words, histological confirmation of sex is necessary only when a gonad is visually identified as an ovary. This procedure would reduce the cost and considerably shorten the time spent on determining the sex of N. depressus hatchlings.
